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Maize straw smoldering in “Heated Kang” is the traditional way for heating in winter in rural areas of Guanzhong
Plain. This smolder procedure produced large quantities of pollutants and got more and more concern from both
public and researchers. In this study, on-site measurements of straw smoldering in a residence with a Chinese
‘Heated Kang’ (Scenario 1) were done to determine the emissions factors (EFs) for pollutants. Moreover, EFs of
pollutants from an advanced stove fired with maize straw (Scenario 2) and maize-straw pellet (Scenario 3)
had been conducted in a laboratory to find the new measure to reduce the pollution emissions. The results

Keywords:
Re};vgem al heating showed that the EFs of PM, 5 for three scenarios were 38.26 -+ 13.94 g-kg~ ', 17.50 = 8.29 g-kg~ " and 2.95 +
Maize straw 0.71 g-kg™ !, respectively. Comparing EFs of pollutants from 3 scenarios indicates that both briquetting of

Particulate matter
Emission factors

straw and advanced stove with air distribution system could efficiently reduce pollutants emission especially
for Scenario 3. In detail, EFs of PM, 5, OC, EC and water soluble ions all have over 90% reduction between Scenarios
1 and 3. All particle-size distributions were unimodal, and all peaked in particle sizes <0.47 um. The EFs for K
and CI~ were the highest of cations and anions for the majority of size groups. Converting to pellets and advanced
stoves for residential heating could reduce PM, s emission from 48.3 Gg to 3.59 Gg, OC from 19.0 Gg to 0.91 Gg, EC
from 1.7 Gg to 0.17 Gg and over 90% reduction on total water soluble ions in the whole region. A box model sim-
ulation for the Guanzhong Plain indicated that this conversion would lead to a 7.7% reduction in PM, 5 (from 130
to 120 pg-m~>) in normal conditions and a 14.2% reduction (from 350 to 300 pg-m~>) in hazy conditions. The
results highlighted that the straw pellets burning in advanced stove can effectively reduce pollutants emitted
and improve the energy use efficiency in comparison with maize straw smoldering in “Heated Kang”. The
study supplies an effective measure to reduce the rural biomass burning emission, and this method can be
used in not only Guanzhong Plain but also other undeveloped areas in the future.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction 57% of the total rural household energy use (PRCMA, 2001; PRCDITS,

2005). Unfortunately, biofuel combustion is typically carried out in

Crop residues are the fourth largest energy resources worldwide
after coal, oil, and natural gas. About half of the world's population
uses crop residues for domestic heating and cooking, especially in
rural areas of developing countries (Cao et al., 2008; Zhang et al,,
2011; Shen et al., 2012). In China, it has been estimated that 288
million tons of agricultural biomass were burned in 2000 by rural
households for cooking and heating, and that amount accounted for
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small household stoves under poor combustion conditions and without
any emission controls, which produces a large amount of pollutant
emissions (Li et al., 2007; Shen et al., 2011a). Biomass burning is the
largest source of primary fine carbonaceous particles and the second
largest source of trace gases for the global atmosphere (Andreae and
Merlet, 2001; Bond et al., 2004; Guenther et al., 2006). In 2007, the glob-
al PM, 5 (PM with a diameter <2.5 um) emissions were 40.0 Tg-year™ !,
of which 27.0 Tg-year™ ! was from biomass burning sources (Huang et
al., 2014a, b). Emissions from crop residue burning are spatially and
temporally heterogeneous, and the emission factors (EFs) measured
for some major pollutant species have varied over several orders-of-
magnitude. Large variations in EFs have caused large uncertainties in


http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosres.2016.10.006&domain=pdf
http://dx.doi.org/10.1016/j.atmosres.2016.10.006
mailto:zxshen@mail.xjtu.edu.cn
Journal logo
http://dx.doi.org/10.1016/j.atmosres.2016.10.006
Unlabelled image
http://www.sciencedirect.com/science/journal/01698095
www.elsevier.com/locate/atmosres

J. Sun et al. / Atmospheric Research 184 (2017) 66-76 67

emission inventories from biomass sources (Streets et al., 2003; Bond et
al.,, 2004; Shen et al., 2010; Wang et al., 2015).

Particles emitted from biomass burning are predominantly carbona-
ceous materials, including both organic carbon (OC) and elemental car-
bon (EC), which have major direct and indirect climate impacts
(Rosenfeld, 1999; Menon et al., 2002). OC scatters solar radiation and
cool the atmosphere while EC absorbs solar radiation and heats the at-
mosphere. In fact, EC is the third largest contributor to global warming,
only after CO, and CH4 (Menon et al., 2002; Sato et al., 2003; Gustafsson
et al., 2009). Biomass burning also produces water-soluble inorganic
ions (e.g., potassium, sodium, chloride, and calcium) and hygroscopic
organic compounds since these compounds are crop residues, and
once released into the atmosphere they can act as cloud condensation
nuclei (CCN) and likely reduce the net flux of solar radiation to the
Earth's surface (Rose et al., 2010; Lathem et al., 2013). In addition to
the production of aerosols, biomass burning also emits large amounts
of gaseous pollutants, including CO,, CO, NO,, and polycyclic aromatic
hydrocarbons (Zhang et al., 2015).

The Guanzhong Plain area is ~36,000 km?, with a population about
23.92 millions. Guanzhong Plain where atmospheric dispersion is usual-
ly weak due to the unique features of its topography, that's surrounded
by Qinling Mountains to the south and the Loess Plateau to the north (As
shown in Fig. S1). The traditional way for residential heating in winter in
rural areas is burning maize straw in “Heated Kang”. Maize straw smol-
dering in “Heated Kang” is a big problem to rural and urban air pollu-
tion. In contrast, the influence of open burning to air quality was
limited due to the strict control in harvest season by the local govern-
ments. Previous literatures revealed that biomass burning played im-
portant role in rural and urban areas of Guanzhong Plain in winter PM
pollution (Cao et al., 2005, 2012; Shen et al., 2008, 2009a, 2011b;
Zhang et al., 2008b; Okuda et al., 2010; Wang et al., 2014; Zhu et al.,
2016). To improve our knowledge on this topic for the Guanzhong
Plain, China - an area with large amount of biomass burning, field and
laboratory experiments are designed in this study. The objective of the
present study are to (1) accurately determine pollutant emission factors
(EFs) for major pollutants emitted from local common type of house
heating - Chinese ‘Heated Kang’ straw burning; (2) evaluate the effec-
tiveness of emission control using an advanced type of stove for maize
straw pellets burning; and (3) assess the effects of potential regional
biomass burning emission reductions on air quality in the Guanzhong
Plain.

2. Methodology
2.1. On-site measurements in a residence

The on-site residential maize straw burning experiments were con-
ducted in a house in rural area of Xi'an. In that house, a Chinese ‘Heated
Kang’ and maize straw have been used for heating during the winter.
This type of heating in winter has a long history of usage in rural areas
in Guanzhong Plain. The fuel used for heating is usually maize straw
for maize is the main food crop in this area and maize straw is readily
available.

The on-site combustion experiments were conducted at night when
the residents usually heat their homes. The maize straw was pre-
weighed (~10 kg) before ignition, and a simple air door was adjusted
soon after ignition to control the air supply; this led to smoldering con-
ditions, which in turn provided for a long heating time, usually >8 h. The
sampling period covered the whole burning cycle (8 h), including flam-
ing combustion (obvious flames) and smoldering phases (without an
obvious fire). As a result of the air control provided by the air door,
smoldering condition was experienced during most of the sampling pe-
riod (Fig. S2).

Samples in the residence were collected using a custom-made dilu-
tion system with an adjustable dilution rate of 5- to 80-fold. Quartz-
fiber filters (Whatman quartz microfiber filters QM/A™) were used to

collect particulate matter in the flue gas using a mini-volume sampler
(Airmetrics, Springfield, Oregon, USA), which was operated at a flow
rate of 5.0 L-min~". Size segregated PM samples were collected using
an eight-stage cascade impactor (Anderson, Thermo Fisher Scientific,
Franklin, MA, USA) with 80 mm diameter quartz membranes at a flow
rate of 28.3 L-min~'. The aerodynamic equivalent cut off diameters
(D,, in pm) for each stage were <0.43, 0.43-0.65, 0.65-1.1, 1.1-2.1,
2.1-3.3,3.3-4.7,4.7-5.8, and 5.8-9.0, respectively. All filters were pre-
combusted at 450 °C for 6 h and equilibrated in a desiccator for 24 h
prior to being weighed in preparation for use in the sampler.

2.2. Laboratory simulation

A combustion chamber was set up in a laboratory at the Institute of
Earth Environment, Chinese Academy of Sciences (IEECAS) in collabora-
tion with the Desert Research Institute (DRI), USA to simulate the burn-
ing of biomass. The combustion chamber was equipped with a
thermocouple, a thermo anemometer, an air purification system, and
a sampling line connected to a dilution sampler (Wang et al., 2009).
An advanced stove was installed in the chamber to simulate residential
heating activities. This stove equipped with an automatic fuel feeding
system and a secondary air distribution system and was designed for
heating function. Maize straw and maize straw pellets burned in the
stove respectively. The maize straw pellets were cylindrical and had di-
ameters of 8 mm and random lengths ranging from 5 to 20 mm (Fig. S3).
Samples of the combustion emissions were collected with the use of a
custom-made dilution system with dilution ratios ranging from 5- to
15-fold. The details of this dilution system have been described in Tian
etal. (2015). The sampling periods typically lasted 1-2 h. PM, 5 samples
were collected on quartz-fiber filters from three parallel channels locat-
ed downstream of the residence chamber of the dilution sampler with
flow rate of 5 L-min~"! per channel. Real-time CO and NO, (NO and
NO,) levels were monitored by a CO analyzer (Model 48i, Thermo Sci-
entific Inc., Franklin, MA, USA) and a NOy analyzer (Model 42i, Thermo
Scientific Inc., USA) (Wang et al., 2009), respectively. Three non-disper-
sive infrared (NDIR) CO, analyzers (Model SBA-4, PP Systems,
Amesbury, MA, USA) were used to measure background CO, and CO,
in the stack and diluted emissions.

2.3. Data analysis

Emission factors (EFs) were calculated by dividing the mass of the
emissions by the mass of the fuel consumed, and they are expressed
as grams of emission per kilogram of consumed dry fuel (g-kg™!)
(Andreae and Merlet 2001). For particulate pollutants including PM, s,
0C, and EC, the EFs were calculated as:

Mijjter VTotal—chimney
EF, = —— DR 1
: Q Miye| ( )

where EF,, is the EF for particulate pollutant p for the specific fuel type;
Mgieer 1S the mass of pollutant collected on the filter; Vroal — chimney IS the
total volume of exhaust flowing through the chimney during the exper-
iment (m?) at standard temperature and pressure; Q is the sampling
volume through the filter (m>) at standard temperature and pressure;
and myge is the mass of the burned fuel. The dilution rate (DR) of the di-
lution sampler was calculated based on the CO, concentrations in differ-
ent positions, using the following formula:

_ COZ‘Stk B COZBkg

DR = "> =%
€O, pii—COy pig

(2)

where CO, s is the CO, concentration in stack; CO, g is the back-
ground CO, concentration in atmosphere; and CO- p; is the CO, concen-
tration in the diluted smoke. For gaseous pollutants, including NOy, CO
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and CO,, the EFs were calculated using online monitored concentrations
as follows:

VTotal—chimney Cx Dilute
EF, = ———=——MDR 3
P Mfyel Vx * ( )

where Cx pilte iS the average concentration (molar fraction) measured
in the dilution sampler; Vy is the molar-volume of gas at standard tem-
perature and pressure (0.224 m>), and M, is the molecular weight of
species x (g-mol~ 1) (Ni et al,, 2015).

The modified combustion efficiency (MCE) has been used in previ-
ous studies to distinguish between flaming and smoldering combustion
(Andreae and Merlet, 2001; Oanh et al., 2011; Shen et al., 2011a), and
the formula used for calculating the MCE was

Aoy
MEE = aico) - aicoy o

where A[CO] and A[CO,] are the excess molar mixing-ratios of CO and
CO,, respectively, that is, the mixing ratio of species “X” in the fire
plume minus the corresponding mixing ratio in background air.

Thermal efficiency (TE) is a measure of the ratio of energy delivered
to the energy released from fuel complete combustion. And the deter-
mination of TE is using the following equation which came from WBT
protocol:

TE — Et20 heat + EHZO.evap (5)

Erelease

where AEjz0 nheat 1S the calorific heat transferred to water from room
temperature to boiling point; AEyz0.evap is the calorific heat transferred
to water to evaporate; and E,¢jease S the total calorific heat released by
fuel complete combustion.

A total of 10 types of tests were conducted overall: tests 1-2 in-
volved maize straw smoldering in the Chinese ‘Heated Kang’ at two dif-
ferent burning rates, tests 3-5 focused on the flaming phase of maize
straw pellet burning in the advanced stove for ~1 h at three different
burning rates, tests 6-8 were for a 1-kg pellet over the whole burning
cycle, which lasted ~1 h, at three different burning rates. Maize straw
burning with different burning rates were also conducted (Test 9 and
10). However, maize straw was not a proper fuel type for the advanced
stove selected in this study due to its bulk in volume and short lasting
time in burning cycle (usually 10-15 min in advanced stove condition).
Thus tests 9-10 were just for comparison but not a general option for
real situation. As straw pellet cannot be fueled in ‘Heated Kang’ due to

its shape and physical feather, this type of test were not conducted in
this study. Detailed descriptions for each test are presented in Table 1.
The maize straw and maize straw pellets used in this study were ana-
lyzed for moisture, volatile matter (VM), ash, fixed carbon, low-heating
value (LHV), and high-heating value (HHV) by Analytical Center of the
Chinese Academy of Resources, Guangzhou, China. The results of the
analyses of these two types of fuels and some other fuels used in previ-
ous studies are shown in Table 2.

2.4. PM chemical analysis method

All filter samples collected in this study were kept at — 20 °C before
being analyzed. First of all, gravimetric analysis of particle mass loadings
was determined by a Sartorius MC5 electronic microbalance (41 pg
sensitivity, Sartorius, Gottingen, Germany). One-fourth of each quartz
filter sample was used to determine major ion concentrations. Three an-
jons (SOZ~, NO3 and CI™) and five cations (Na™, NHF, K, Mg? ™, and
Ca?™") in aerosol samples were determined by an ion chromatography
(IC, Dionex 500, Dionex Corp, Sunnyvale, California, United States). OC
and EC in PM; o samples were analyzed using a Thermal and Optical Car-
bon Analyzer (Model 2001, AtmAA Inc., USA) with IMPROVE (Inter-
agency Monitoring of Protected Visual Environment) thermal/optical
reflectance (TOR) protocol. The method produced data for four OC frac-
tions (OC1,0C2,0C3, and OC4 in a helium atmosphere at 140 °C, 280 °C,
480 °C, and 580 °C, respectively), a pyrolyzed carbon fraction (OP, deter-
mined when reflected laser light attained its original intensity after ox-
ygen was added to the combustion atmosphere), and three EC fractions
(EC1, EC2, and EC3 in a 2% oxygen/98% helium atmosphere at 580 °C,
740 °C, and 840 °C, respectively). Detailed operation procedures have
been described previously (Shen et al., 2011b).

3. Results and discussion
3.1. Emission factors

The EFs for PM, OC and EC were measured in ten tests under differ-
ent experimental conditions, and the results are presented in Table 1
along with those for some other fuels that are included for comparison.
Large differences were found between the EFpys for the maize straw
and maize straw pellets. That is, the EFpys for smoldering straw in the
‘Heated Kang’ were 46.14 + 1.41 g-kg™ ' for a burning rate of 2 kg-h™ -
and 30.39 + 26.48 g-kg~ ! for a burning rate of 1 kg-h™! respectively,
while the EFs were 23.33 and 11.68 g-kg ™~ ! when stove was changed
to advanced stove with all the other conditions unchanged. These

Table 1
Descriptions, burning conditions and main emission factors of the experiments in this study and cited in previous studies.
Test Fuel type Type of stove MCE, % Burning rate, kg h~! Emission factor, g/kg Reference
Particulate Organic carbon (OC) Elemental carbon (EC)
matter

1 Maize straw Heated Kang - 2 46.1 £ 14 17.7 + 0.74 0.51 + 0.06 This study

2 (smoldering) - 1 304 +18.0 119 £5.0 1.1 +£ 037 (Group I)

3 Maize straw pellets ~ Advanced 922 +£13 1 23 +0.28 0.57 + 0.12 0.11 + 0.02 This study

4 (flaming only) 947 +1.2 1.2 30+ 1.1 0.85 + 0.26 0.31 4+ 0.09 (Group II)

5 956 £1.2 15 3.6 +£ 0.76 0.56 + 0.05 0.55 4+ 0.03

6 Maize straw pellets ~ Advanced 864 +51 1 25+ 1.1 19 +£1.3 0.25 + 0.19 This study

7 (flaming + 918 £1.6 12 42 +£1.0 0.97 + 0.35 0.13 £ 0.01 (Group III)

8 smoldering) 921 £34 15 54 +35 12 £ 0.15 0.18 + 0.04

9 Maize straw Advanced 745 £ 53 2 2333 +£8.38 14.04 + 4.84 0.94 + 0.12 This study

10 (flaming + 816 £28 1 11.68 + 0.66 6.66 + 0.14 0.60 + 0.02 (Group IV)

smoldering)
Chinese white poplar Traditional 94.7 ~33 1.80 + 0.30 0.66 + 0.32 0.88 + 0.49 Shen et al., 2012
+ 09

Maize straw Open burning 93.0 +2.0 ~0.6 12.00 + 5.40 6.30 &+ 3.60 0.28 + 0.09 Ni et al., 2015
Bituminous coal Traditional - ~1 16.77 £+ 2.52 8.29 +2.75 3.32 £ 055 Chen et al., 2005
Anthracitic coal Traditional - ~1 0.78 + 0.14 0.039 + 0.008 0.004 + 0.000
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Table 2

Moisture, volatile matter (VM), ash, fixed carbon content, high-heating value (HHV) and low-heating value (LHV) for selected fuels.
Fuel types Moisture, % Ash, % VM, % Fixed carbon, % HHV, MJ/kg LHV, M]/kg Reference
Maize straw 8.79 3.85 68.93 18.43 14.26 11.39 This study
Maize straw pellets 10.00 3.22 67.11 19.26 16.05 13.09 This study
Chinese white poplar 5.32 0.90 81.69 1741 18.35 16.22 Shen et al., 2012.
Bituminous coal - 8.35 37.34 81.93 - 25.27 Chen et al., 2005
Anthracitic coal - 10.31 8.09 93.17 - 29.65 Chen et al., 2005

results indicated that the advanced stove with secondary air distribu-
tion system could reduce EFs of PM; s >50%. It was noted that all
EFpys from straw pellets burning in advanced stove were ranging
from 2.26 to 5.41 g-kg~ !, which was roughly one magnitude lower
than those from maize straw burning in advanced stove and even
more lower than those from “Heated Kang”. Therefore, briquetting of
straw could reduce PM, s emission more effective.

From Table 2, one can see that the composition of the straw and pel-
lets was quite similar, and this implies that there were only minor
chemical changes related to the briquetting process. Therefore, the
main reasons for the differences in the EFs for the two types of fuels
are likely related to variability in the combustion conditions themselves.
Furthermore, when compared with other fuels, the VM of the maize
straw and pellets were comparable to poplar wood but nearly double
the percentage for bituminous coal and even much higher than that
for anthracitic coal.

To further investigate the causes for the differences in PM, 5 EFs, we
compared the combustion conditions and results of the series of exper-
iments are also shown in Table 1. This analysis shows that the largest
differences in EF in burning tests were associated with air supply.
Maize straw burning in ‘Heated Kang' is generally limited by the oxygen
supply because the residents want to extend the burning time of their
stoves for economy and convenience. In contrast, the straw pellets in
the advanced stove with secondary air distribution were burned in a rel-
atively oxygen-rich environment and that would tend to enhance the
combustion efficiency. Several previous studies had shown that a short-
age of oxygen will lead to higher PM, 5 EFs (Jenkins et al., 1996; Zhang et
al., 2008Db; Shen et al., 2012).

Burning rate was another variable that influenced the PM, 5 EFs. For
the cases involving low-oxygen conditions in the ‘Heated Kang’, the av-
erage EF,, for test 1 was ~50% higher than test 2, namely 46.14 and
30.39g-kg !, and that difference can be explained by the faster burning
rate in test 1. Similar results were found in tests 9-10 and also in a pre-
vious study by Shen et al. (2012). A possible explanation for the link be-
tween the EF,,,, and burning rate is that faster burning may deplete the
oxygen supply thus leading to higher PM emissions as described above.

Another factor that influenced pollutant emissions in our study was
the MCE. As an aid in interpreting the results from tests 3-8, the real-
time variations in MCE and the gaseous pollutants are plotted together
in Fig. 1. From this Fig. 1 and Table 1, it is apparent that lower burning
rates usually led to lower MCEs. Furthermore, the MCE had a strong pos-
itive correlation with NO, NO, and CO, emissions; in contrast, CO con-
centrations had an obvious negative correlation with MCE as also has
been reported in prior studies (Shen et al., 2015). Examination of Fig.
1d and e shows that CO had two main peaks, one at the very start of ig-
nition and the other at the end of the burning cycle. Both of these oc-
curred when the MCE was lower than 0.9, a condition that generally
regarded as the dividing point between flaming and smoldering com-
bustion. Fig. 1f shows multiple peaks in CO and valleys in CO, that
were synchronous with decreases in MCE.

Thermal efficiency was the final variable that affected the pollutants'
emission rates (Table 1). Here water-boiling tests (Bailis et al., 2007)
were employed to determine the thermal efficiencies for the different
burning rates. The test results (Table A.1a) show that test 5 had the
highest thermal efficiency and the highest EFs for CO,, NO, NO, and
PM, 5 in the flaming pellet studies, and similar results were found in

test 8, the one with the highest thermal efficiency for the pellets studies
over a full burning-cycle. In contrast, the lowest EFs for CO were found
for test 5 and test 8 for these groups.

Our studies of thermal efficiency show that the characteristics of
burning process affect pollutant emissions, and this is important be-
cause increasing thermal efficiency would lead to lower fuel usage and
that presumably would produce both economic and environmental
benefits. To demonstrate this, we converted the units for the EFs from
g-kg ! fuel to g-MJ] ™! (heat transferred), and the results are shown in
Table A.1b. In practice, residential heating typically involves semi-con-
tinuous burning, and therefore, the results of tests 3 to 5 are likely to
be most representative of real conditions. Of these, test 5-the test
with the highest thermal efficiency-yielded the lowest EFs for all pollut-
ants. It is important to note that the thermal efficiency of the ‘Heated
Kang’ is low, usually <10%,and our results imply that increasing the
thermal efficiency of these stoves could be an effective means for reduc-
ing pollutant emissions in China (Qiu et al., 1996).

3.2. Carbonaceous fractions

Numerous studies have shown that the particles emitted from bio-
mass burning are dominated by carbonaceous aerosols, namely OC
and EC. Furthermore, the OC/EC ratio can be used to distinguish
among combustion sources (Shen et al., 2009b; Ni et al., 2015). The con-
centrations of the carbonaceous fractions of PM and selected ratios are
shown in Table 3. The OC/EC ratios of emissions from straw burning in
the Chinese ‘Heated Kang’ were markedly higher than those from pellet
burning in the advanced stove. Specifically for test 1, in which the oxy-
gen limitation was severe due to the rapid burning rate and control of
the air supply, the OC/EC ratio was as high as 35.1 & 5.5, and when
the burning rate was reduced by 50% in test 2, the OC/EC ratio decreased
to 10.8 & 1.5 which was at the same level in tests 9 and 10. Both of these
values for OC/EC ratios are comparable with those reported in previous
studies (Cao et al., 2008; Li et al., 2009). We believe the differences be-
tween tests 1(9) and 2(10) are due to effects of the oxygen concentra-
tions on combustion reactions; that is, when oxygen is in short supply,
combustion is incomplete, and more unburned and partially-burned or-
ganic matter is emitted. This hypothesis could also explain why the gap
between tests 9 and 10 was much less than that between tests 1 and 2,
which was because tests 9-10 were in relatively oxygen-rich
environment.

While the OC/EC ratios from pellet burning were much lower than
those from straw burning, OC/EC ratios for tests 3-5 also were obviously
lower than for tests 5-8 (as shown in Table 3), and this may reflect the
importance of the emissions from the ignition phase. The lower OC/EC
ratios compared with the maize straw/Kang results were because the
stove used in tests 3-10 had a mechanism for a secondary air supply
which burned combustible substances in the smoke produced by the
oxygen-deficient combustion. Moreover, a higher temperature in com-
bustor led by secondary air supply could also help to decrease the OC/EC
ratio because the formation of EC (Shen et al., 2014). The effect of the
secondary air can be seen in the low OC/EC ratio (1.0 4 0.04) from
test 5 which had the highest secondary air supply; the ratio from test
5 was in fact lower than most of those reported for crop residue burning
studies (Jenkins et al., 1996; Liousse et al., 1996; Turn et al., 1997;
Andreae and Merlet, 2001; Cao et al., 2008).



70 J. Sun et al. / Atmospheric Research 184 (2017) 66-76

(2)

C
w o ©
[LII
SRR
T T

—MCE
——NO

ppb _.
[$ =)
o O
o O
o O
—

—NO.

ppb
= N
o o
o O
o O
—
[\S)

Cco

0
4000 | —cCo,

g
£:2000 M

L L L
0 1000 2000 3000
Time (s)

(b)

=30% | —— MCE
.

—NO

ppb
=y
(=3
(=]

:

0 1 1 1
4000 | — o,

g
£ 2000 M

0 1000 2000 3000

Time (s)
©

T S —

—— MCE
NO

C
w N O
LI
XXX
T T

10000
2 5000

I\I\/\/\/‘L L
2000 [ NO,
8 1000
0 X ; ,

0 1000 2000 3000
Time (s)

(d)
100% F—— MCE
80% |
——No
10000
BS000F e~
o
0 1 1 1
——No
2000 | 2
g 1000 I S S O I Y g
0 1 1 1
co
g 200f
100 |
0 \ \ \
6000 €O,
£ 4000 [
2000 e e ]
0 1 1 1
0 1000 2000 3000
Time (s)
©)
100% F—— MCE
B 90% -
= 80% [
—— Ni
10000 |- 0
=}
&: 5000 MWW
0 \ \ \
——No.
o 2000 2
=
= 1000 MMWW
0 \ \ \
co
£ 200 }
& 100}
0 \ \ \
6000 [ €O,
£ 4000 [
B 2000 P e e e
0 1 1 1
0 1000 2000 3000
Time (s)
®

100% f—— MCE

NO
10000 -
& 5000 |
0 . . .
NO
2000 | 2
& 1000

0 1 1 1
0 1000 2000 3000

Time (s)

Fig. 1. Time-series plots for modified combustion efficiency (MCE) and PM, s mass, and NO, NO,, CO, and CO, mixing ratios during residue pellet combustion tests: (a) test 3, (b) test 4, (c)

test 5, (d) test 6, (e) test 7, and (f) test 8. Time resolution is 1 s.

Data for seven carbon fractions (OC1, OC2, 0C3, 0C4, EC1, EC2 and
EC3) have been used in source apportionment studies because several
important source types have been shown to produce distinctly different
abundances of the carbon fractions (Chow et al., 2004; Cao et al., 2005;
Cao et al,, 2006; Han et al., 2010). As shown in Fig. 2, OC1 and 0C2

dominated the carbonaceous fraction in straw burning in “Heated
Kang” (Tests 1 and 2), while OC3 and OC4 were the main fractions in
the pellet burning studies (Tests 3-8). Fractions OC1 and OC2 are low
temperature OC, and the organic matter that composes these two frac-
tions is mostly semi-volatile OC (Chow et al.,, 2004). The relatively large
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Table 3
Emission factors for particulate matter (PM), organic carbon (OC), elemental carbon (EC), and total carbon (TC) and ratios of OC/EC, OC/PM, EC/PM and TC/PM from maize straw and pellet
burning.
Test Stove type and fuel Burning rate, kg h~! Emission factor, g/kg EFoc/EFgc  EFoc/EFpym EFec/EFpm EFrc/EFpm
EFpm EFoc EFgc EFrc
1 Kang-maize straw 2 46.1 £ 14 17.7 £ 074 051 £ 006 182 4+ 0.68 35.1 +£55 038 £ 0.01 0.01 £ 00 0.39 4+ 0.0
2 1 304 +£18.0 119 £5.0 1.1 4037 13.0 £53 108 + 1.5 045 4 024 0.04 £+ 0.02 0.49 + 0.26
3 Advanced stove-pellet 1 23 £ 0.28 0.57 £ 0.12 0.11 £ 0.02 0.68 + 0.13 54 + 035 0.25 4 0.02 0.05 4+ 0.0 030 4 0.02
4 1.2 3.0 £ 1.1 0.85 +£ 026 031+ 0.09 1.2 + 035 27 £ 004 029 + 0.02 0.11 +£ 0.01 0.39 + 0.02
5 1.5 3.6 £ 0.76 0.56 +£ 0.05 0.55 £ 0.03 1.1 + 0.07 1.0 +£ 0.04 0.16 + 0.05 0.16 4 0.04 031 + 0.08
6 Advanced stove-pellet 1 25 +1.1 19+13 025+ 019 215+144 83 +14 0.764+ 0.18 0.09 4+ 0.04 0.83 £ 0.22
7 1.2 42+ 1.0 097 £ 035 0.13 £0.01 1.1 £035 78 £34 025+ 0.14 003 +00 028 + 0.15
8 1.5 54 +£35 12 + 0.15 0.18 £ 0.04 14 £ 0.10 69 +22 029 4+ 021 0.04 + 002 032 + 0.23
9 Advanced stove-maize straw 2 2333 £838 14.04 484 094 + 0.12 1848 +498 149 +£34 0.60 + 0.01 0.04 4+ 0.01 0.64 & 0.02
10 1 11.68 + 066 6.66 + 0.14 0.60 4+ 0.02 7.26 4+ 0.16 11.1 & 0.1 0.57 £+ 0.02 0.05 + 0.00 0.62 + 0.02

fractions of OC1 and OC2 in the straw burning studies were possibly
emitted during the smoky, smoldering phase of the experiments
when no flames were obvious and the temperatures were relatively
low. In contrast, in the pellet burning studies, flaming conditions domi-
nated due to the secondary air supply, and temperatures were higher
compared with tests 1 and 2, and more high-temperature OC (0C3
and 0C4) was produced. Of these, OC4 has been found to be a mixture
of high molecular-weight and polar organic compounds (Grabowsky
et al., 2011; Joseph et al., 2012). Pyrolyzed OC (OP) was reported to be
associated with water-soluble OC (Yang and Yu, 2002; Ni et al., 2015),
and OP was mainly emitted in the smoldering, straw-residue fires. EC
was dominated by EC1, which has been proved to be mainly emitted
from low temperature burning, e.g. biomass burning (Watson et al.,
1994; Han et al., 2007). Very low amounts of EC2 and no EC3 were
found in the test samples. For the pellet flaming studies, the sequence
of EC1 fractional abundances was test 5 > test 4 > test 3; this indicates
that higher temperatures, promoted by more oxygen-rich burning con-
ditions, led to a greater production of EC.

3.3. Water-soluble ions
The EFs for eight water-soluble (WS) ions are shown in Table 4. The

total WS ion concentrations composed significant fractions of the PM; 5
emitted in both the straw and pellet burning tests. The abundances

ranged from 10% to 36%, and these percentages are consistent with pre-
vious studies (Hays et al., 2005; Li et al., 2007; Sillapapiromsuk et al.,
2013). Generally, the WS ion contents in PM, s were lower in the
straw smoldering tests (average 13%) compared with the pellet burning
ones (average 30%). Previous studies have pointed out that high tem-
peratures produce more EC and WS ions but less OC (McMeeking et
al., 2009), and this could explain the low WS ion proportions in tests 1
and 2. Although the relative percentage of WS ions in the pellet burning
studies increased, the EFs for each ion decreased by one to two orders-
of-magnitude when compared with smoldering straw studies using the
‘Heated Kang'.

Potassium ion (K*) was the dominant WS cation and chloride (C1™)
the dominant WS anion for both the straw and pellet burning sets of
tests. The high K™ and CI~ emissions were mainly due to the large abun-
dances of these two elements in herbaceous plants (Lindberg et al.,
2016). As shown in Table A.3a and A.3b, K™ contributed 15-17% and
32-35% of total WS ions for the straw smoldering and pellet burning
studies, respectively. In this study, the average percent of K™ abundance
out of the WS ions in PM; 5 was 29%, and that was much higher than the
levels in ambient aerosols (3% in normal days and haze days, 4% in dust
storm (Shen et al., 2007)). Only during pollution episodes during the
straw burning season had the K* percentage of total ions reached 10%
(Shen et al., 2009b). This is higher than what would result from coal
combustion. Therefore, it can be deduced that K™ must be originated
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Fig. 2. Mass percentage of thermally resolved organic carbon (OC) and elemental carbon (EC) fractions in PM 5 following IMPROVE_A protocol (Chow et al., 2007). OC1 to OC4 evolve in a
100% helium atmosphere, EC1 to EC3 evolve in a 98% helium/2% oxygen atmosphere. Pyrolyzed OC is the difference between OC and (OC1 4+ OC2 + OC3 + 0C4), and the EC1 values are

corrected here by subtracting OP from the original EC1 value.
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Table 4

Emission factors for water-soluble ions.
Test EFna+ EFnpa+ EFy EFygo + EFcaz + EF¢ - EFno3 — EFs042 - > EFion EFpm >~ EFion/EFpm

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg g/kg g/kg %

1 2451 2014 842.4 13.0 228.7 2087.2 323.7 535.7 4.5 46.1 10
2 257.6 206.0 687.8 10.7 175.9 23524 4704 654.5 4.8 304 16
3 53.7 833 283.1 0.6 34 366.7 6.0 248 0.8 2.3 36
4 64.3 68.8 350.7 0.7 53 492.2 3.8 235 1.0 3.0 34
5 74.4 143.0 407.1 0.8 5.5 615.7 53 339 13 3.6 36
6 84.1 58.7 302.7 1.8 23.1 3374 10.7 37.8 0.9 24 35
7 834 35.7 319.1 1.9 17.0 263.8 13.2 923 0.8 41 20
8 91.2 82.0 285.1 2.5 32.6 3111 124 75.4 0.9 54 16

primarily from biomass burning. Indeed, K* has been used as a marker
for biomass burning in aerosol studies for many years (Andreae, 1983).

3.4. Particle size distribution

Fig. 3 shows the mass particle-size distributions of PM emitted from
tests 1-5. It is clear that all size distributions from these studies were
unimodal and all peaks appeared in particles <0.47 um. The main differ-
ence among the tests was that the proportions of submicron particles
(Da < 1.1 um) in the straw burning studies (89% in test 1 and 78% in
test 2) were much higher than those from pellet burning (50% in test
3,63% in test 4 and 70% in test 5). Similar results have been reported
for straw residue burning (Shen et al., 2010) and wood burning (Shen
etal,, 2015). When compared with flaming fires, smoldering fires evi-
dently emitted more fine and ultrafine particles. This also could explain
the results of test 5 which had the highest burning rate (1.5 kg h™') and
the smallest average particle size among the three tests in that group.
The fast burning rate may have led to a partial oxygen-depletion,
which could have led to smoldering-like conditions, and consequently
the emission of more fine particles.

The EFs for PM and eight WS ions for different sizes of particles are
shown in Fig. 4. Generally, K" and Cl~ had the similar variation trends
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with the PM mass-size distributions, means they have higher propor-
tions in finer size of particles, which is presumably due to the high con-
centrations of element K and Cl in the maize straw (Bjérkman and
Strémberg, 1997; Aho and Ferrer, 2005). The EFs for K+ and CI~ were
the highest of cations and anions, respectively, for the majority of size
groups. In contrast, NO3 did not exhibit strong relationship with the
PM size distribution, and this is likely because NO3 concentrations
were affected by gas-phase reactions.

For the other ions in Group I and Group II, such as Na*, Ca®* and
S03 ™, the levels in PM were generally low but showed higher propor-
tions in the coarse PM compared with fine and ultrafine particles.
When compared to other sources of PM, such as coal combustion, vehi-
cle emissions, and fugitive dust, the high percentage of K* in fine parti-
cles from biomass burning is unique and this is why K™ had been used a
chemical marker for this source for many years (Andreae, 1983; Chow
et al.,, 1993; Shen et al., 2009a).

The OC/EC ratios for different PM size bins were calculated, and the
results are shown in Table A.2. For the smoldering straw tests, submi-
cron particles (Da < 1.1 um) showed slightly higher OC/EC ratios than
fine and coarse particles (with p value at 0.01 and 0.05, respectively).
The reason is also mainly for smoldering conditions favored the produc-
tion of ultrafine particles and the smoldering emission had higher OC/EC
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Fig. 3. Size distribution of particulate matter mass from maize straw smoldering (Tests 1 and 2) and residue pellet burning (Tests 3-5).
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Fig. 4. Water-soluble ion percent abundances in particulate matter from smoldering maize straw (Tests 1 and 2) and maize straw pellets burning (Tests 3-5).

ratios, and that led to the relationship between OC/EC ratios and particle
size distributions. Another consequence of these characteristics of the
smoldering emissions is that the EFo¢ also was higher for finer particles.
In contrast, for the pellet burning tests, the OC/EC ratios showed a re-
verse sequence compared with the smoldering straw studies. This was
because the high temperatures induced by the secondary air supply
burned most of the OC while at the same time producing EC. As noted
above, similar results regarding the OC/EC ratios for the pellet studies
were found for the carbonaceous fraction of PM, 5 (see Fig. 2).

3.5. Evaluation of pollutant emission reduction

Total emissions for the species of interest were estimated as the
products of EFs for maize straw and maize straw pellet and the
matching usage data (e.g., the amount of maize straw burned for
heating). The amount of crop residues burned in Guanzhong Plain was
calculated as follows:

M =P x Tharv X Thheat (6)

where M is the annual amount of the maize straw burned in Guanzhong
Plain in Tg; P is the total annual production of maize straw in
Guanzhong Plain in Tg; Mpayy is the proportion of the maize straw har-
vested, which was assumed as 70%; and M. is the proportion of the
total harvested maize straw residue used for heating-this was set at
40% as in a previous study (Yan et al.,, 2006). The total maize straw pro-
duction (P) in the Guanzhong district was about 5.67 Tg in 2013 accord-
ing to the Shaanxi Province Statistical Yearbook 2013.

The annual amount of maize straw used for heating (M) was calcu-
lated to be 1.59 Tg. The next step was to assume that the residues were
used for heating in the following two scenarios: (1) smoldering straw in

‘Heated Kang’ with burning rate of 1 kg-h™!; (2) pellet burning in ad-
vanced stoves with burning rate of 1 kg-h™'.The results presented in
Table 1 show that for Scenario 1 the EFpy; was 30.39 g-kg~! and for Sce-
nario 2 the EFpy was 2.26 g-kg ™. For the carbonaceous PMs 5 fractions,
the EFgc and EFgc for Scenario 1 were 11.92 g-kg_1 and 1.07 g-kg ™ ' re-
spectively, while for Scenario 2 the EFoc was 0.57 g-kg ™ 'and the EFgc
was 0.11 g-kg™ .

The annual PM, 5 and carbonaceous fractions emissions can be cal-
culated as Massg,e; multiplied by the appropriate EF (Chow et al,,
2011), Using this approach for smoldering straw burned in ‘Heated
Kang’, the total PM, 5 emission was 48.3 Gg, OC emission was 19.0 Gg
and EC was 1.7 Gg. For pellet burning in the advanced stove, the total
PM, 5 emissions was 3.59 Gg, OC was 0.91 Gg, and EC was 0.17 Gg. Com-
parisons of these values show that the primary PM, 5 emissions would
be reduced by 92.0% by replacing straw burning in ‘Heated Kang’ with
straw pellets in advanced stoves; for OC and EC the reductions would
be 95.2% and 90.0%, respectively.

Besides the large reduction in emissions, the atmospheric loadings in
the Guanzhong Plain were also calculated using a simplified box model
as shown in Fig. 5 (Tie et al., 2015).The east-west dimension of the box
was 300 km, the south-north dimension was 100 km, and the height
was referenced to the atmospheric boundary layer height, which we as-
sumed to be 300 m on hazy days and 1000 m on non-hazy days. Accord-
ing to the principles of mass conservation, the PM, 5 concentrations
would be controlled by the surface emissions, secondary PM formation,
vertical diffusion, precipitation, and advection. Thus, the PM, 5 concen-
tration in the box can be expressed as follows:

7a
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Fig. 5. Features of the box model: east-west distance was 300 km, north-south distance was 100 km, height was equal to that of the atmospheric boundary layer.

where aé_iq is the variation of PM; 5 mass concentration, [X]g is the

PM, ssurface emission, [X]; is advective transport, [X]y is vertical
mixing, [X]c is secondary aerosol formation, and [X]p, is precipitation.

When calculating the atmospheric burden we made the following
assumptions: (1) of the secondary inorganic aerosol, which is produced
by gas-particle chemical reactions, only NO, and SO, are considered
here; thus [X]g and [X]c in Eq. (7a) were combined to [X]gc; (2) all pol-
lutants emitted into atmosphere were evenly mixed throughout the at-
mospheric boundary layer; (3) precipitation scavenging of PM, 5 was
not considered; (4) pollutant transportation and diffusion were in bal-
ance, which meant that [X]r = 0; (5) the heating period is set as
100 days and all fuels were burned evenly throughout the day. Eq.
(7a) above was thus simplified to

X
w1 X+ ¢ 7

where [X]; and [X];, 1 are the mass concentrations of PM, 5 in pg-m™—>

on day tand day ¢t + 1, the original PM, 5 concentration [X], is the aver-
age PM, 5 concentration for hazy and non-hazy days minus the contri-
bution from biomass burning. [X]gc is the daily emission of PM; 5, NOy
and SO, as shown in Table A.4; V},ox is the volume of the box, that is,
length multiply width and multiply atmospheric boundary layer height
(Table A.4); At is the time period between t and t + 1 day. With refer-
ence to the PM, 5 concentrations, data from Shen et al. (2009a) indicate
that 130.0 ug-m™ 3 is a typical PM, 5 loading for normal days in Xi'an and
350 pg-m~> is more-or-less representative of hazy days. The assumed
daily PM; 5 emissions from residue burning contributed 17.1% to the
total PM, 5 concentration in the Guanzhong Plain on hazy days and
11.5% on normal days. This result is consistent with the results of previ-
ous source apportionment studies in this area (Zhang et al., 2008a;
Huang et al., 2014a, b).

The simulated PM, 5 mass concentrations in the Guanzhong Plain
after 1 day of heating (Table 5) shows that for non-hazy days, the

Table 5
Simulation of PM, 5 mass concentrations from biomass heating emissions.

straw burned for heating under smoldering conditions contributed
15 pg-m~ 2 to the assumed total PM, 5 loading of 130 pg-m 2. For pel-
lets burning, the final PM, 5 mass was 120 ug-m~>, and therefore, the
simulated emissions were reduced by 7.7%. Under hazy conditions in
the model, when the atmospheric boundary layer was shallower,
straw burning increased the PM, 5 concentration from 290 pg-m™~2 to
350 pg-m~ > while burning straw pellets in the advanced stove only in-
creased the final PM, 5 concentration to 300 pg-m™?2, a difference of
14.2%.

The most effective way to solve the pollution emission from biomass
burning is replace the straw maize with more clear fuel, such as natural
gas or electric power. However, natural gas is not available and electrical
power is uneconomical for winter heating in rural areas of Guanzhong
Plain. Our results highlighted that replacing traditional straw-burning
‘Heated Kang’ with advanced stoves that use pellets as fuel may lead
to meaningful reductions in pollution emissions and improving the effi-
ciency of energy use in Guanzhong Plain. Moreover, this method can be
spread in other undeveloped areas of China to alleviate the air pollution
problems after using in rural areas of Guanzhong Plain.

4. Conclusions

The EFs of particles (PM; s, OC, EC, and water soluble ions) and the
particle-size distributions and trace gases (NOy, CO, and CO,) from
maize straw burning in a traditional ‘Heated Kang’ and maize straw pel-
lets burning in an advanced stove were determined in this study. The
EFpy from straw burning in the ‘Heated Kang’ was 2-3 times higher
than that burning in advanced stove and even ten-times higher than
straw pellets burning. The differences in EFs were most likely caused
by combustion related parameters, that is, air supply, burning rate,
MCE, etc. The OC/EC ratios from residue burning (35.1 and 10.8) were
much higher than those from straw pellet burning (range: 1.0 to 8.3),
and the ratios were strongly affected by air supply. A test having the
highest supply of secondary air ended up with the lowest OC/EC ratio

Fuel type Conditions Original PM, 5 concentration, Final PM, 5 concentration, Emission reduction efficiency, Contribution of biomass burning,
pg-m~3 pg-m 3 % %

Maize straw Non-hazy 115 130 - 11.5

Maize straw pellets Non-hazy 115 120 7.7 4.2

Maize straw Hazy 290 350 - 171

Maize straw pellets Hazy 290 300 14.2 33
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of 1.0. Low temperature OC (OC1 and OC2) dominated the maize-straw
burning particles while high temperature OC (OC3 and OC4) were dom-
inant in pellet-burning particles. Low temperature (EC1) was the main
EC component in all samples. All particle-size distributions were
unimodal, and all peaked in particle sizes <0.47 pm. The EFs of K™ and
Cl™ had strong correlations with the EFpy, in all sizes of particles due
to their high abundances in both the maize straw and pellets while
other ions did not show such good correlations, especially in fine
particles.

Emission reduction evaluation suggest that replacing straw burning
in traditional stoves with pellet burning in advanced stoves could re-
duce the total PM, 5 emissions from 48.3 Gg-year™ 'to 3.59 Gg-year™ !,
a reduction efficiency of 92.0%. A box model simulation also suggests
that such a practice could lead to a 7.7% reduction in PM; 5 concentra-
tions (from 130 to120 pug-m™~>) in non-hazy conditions and a 14.2% re-
duction (from 350 to 300 pg-m™2) in haze periods. These results
suggest that it is possible to effectively reduce PM, s emissions from
house-hold heating in this region and even other undeveloped areas
where there are biomass burning related problems. Additionally,
straw pellets could effectively decrease storing space and enhance
heating efficiency and its water heating system could isolate smoke
from indoor environments when compared with straw heating.
Hence, this converting of biomass burning method could help to offer
a possible option to mitigate the severe indoor and outdoor air qualities
in rural China and other countries facing similar air pollution situations.
In future work the performance of straw-pellet and advanced stove in
field tests will be conducted to measure the availability of these heating
system in residences of Guanzhong Plain. More detail parameters such
as temperature and O, level in smoke will be measured as well to detect
more mechanism of pollution production and emission.

While all the results output from box model were all based on simple
assumptions and EF data with high uncertainties, the data should reflect
the influence of fuel and stove replacement on PM, 5 emission reduction
but not be deemed as accurately quantitative results. Therefore, future
work should do more efforts to make this estimation more accurate
and reliable.
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